RS IN DARK
MATTER DIRECT DETECTION:

NEW FRONTI

PROBING SUB-GEY DM MASSES

AARON MANALAYSAY
PHYSICS INSTITUTE, UNIVERSITY OF ZURICH

S8TH PATRAS WORKSHOP ON AXIONS, WIMPS AND WISPsS
18 JULY, 2012
HYATT REGENCY HOTEL, CHICAGO, 1L



8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

Overview

e The WIMP love story
e The unexplored DM mass range

e XENONIO0, again

1) pniversitat - A Manalaysay, 18 July 2012
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PHYSICAL REVIEW
LETTERS

The WIMP love stor

VOLUME 39 25 JULY 1977 NUMBER 4

Cosmological Lower Bound on Heavy-Neutrino Masses
Benjamin W. Lee®
Fermi National Accelevator Laboratory,(b) Batavia, Illinois 60510
and
Steven Weinberg!®

Stanford University, Physics Depavtment, Stanford, California 94305
(Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x 10~2® g/em?®, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV,

Physicists

In a relationship with WIMPs

July 25, 1977

Joieetat - A Manalaysay, 18 July 2012

0.56GeV(NF=4.5,Na=14)
| GeV (Ng=4.5, Na=14)
2GeV(Ng=4.5, Ny=14)

5GeV(NF=4.5,Np=17)

10GeV(NF=30, Np=17)

Model-independent thermal
production is a powertul
aphrodisiac, and has guided
many experimental efforts
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In the year 2000....

Zoriee > A. Manalaysay, 18 July 2012
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Time-progression of sensitivity

' http://dmtools.brown.edu/ Y
///// e Galitskell Mandic Filippini ear 2000
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Time-progression of sensitivity

| http://dmtools.brown.edu/
Gaitskell , Mandic,Filippini Ye aI' 2001

Cross—section [sz] (normalised to nucleon)

10 10° 10
WIMP Mass [GeV/Cz]




8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

Time-progression of sensitivity

http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye ar 2002

Cross—section [cm2] (normalised to nucleon)

1207141fs601 | | | ‘ | | 1 | ‘ | | 1 1

10" 10° 10°

WIMP Mass [GeV/cz]
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Time-progression of sensitivity

' http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye ar 2003
10 - N

Cross—section [cm2] (normalised to nucleon)
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Time-progression of sensitivity

| http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye ar 2004
10 - n

Cross—section [cm2] (normalised to nucleon)

10 10” 10
WIMP Mass [GeV/cz]
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Time-progression of sensitivity

. http://dmtools.brown.edu/
. Gaitskell Mandic Filippini Ye ar 2005

X —

Cross—section [cm2] (normalised to nucleon)

10" 107 10°

WIMP Mass [GeV/c’]
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Time-progression of sensitivity

| http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye arl 2006

Cross—section [cm2] (normalised to nucleon)

10 10” 10
WIMP Mass [GeV/cz]
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Time-progression of sensitivity

Cross—section [cm2] (normalised to nucleon)

| http://dmtools.brown.edu/

Gaitskell ,Mandic,Filippini

0

4

10

1

on ) st A, Manalaysay, 18 July 2012
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Year 2007
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Time-progression of sensitivity

| http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye arl 2008
10 N

Cross—section [cm2] (normalised to nucleon)

1

10 10” 10
WIMP Mass [GeV/cz]
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Time-progression of sensitivity

| http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye arl 2009
10 N

Cross—section [cm2] (normalised to nucleon)
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Time-progression of sensitivity

Cross—section [cm2] (normalised to nucleon)

1207151ks001 | | | ‘

http://dmtools.brown.edu/
Gaitskell ,Mandic,Filippini

10"

2

10 10
WIMP Mass [GeV/cz]
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Year 2010
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Time-progression of sensitivity

o | http://dmtools.brown.edu/
\ Gaitskell Mandic Filippini Ye ar 2011

Cross—section [cm2] (normalised to nucleon)
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10" 10° 10°

WIMP Mass [GeV/cz]
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Time-progression of sensitivity

' http://dmtools.brown.edu/
Gaitskell Mandic Filippini Ye ar 2011

You'll notice that both the
experimental limits, AND
the theoretical predictions
have been falling in this

Cross—section [cm2] (normalised to nucleon)

parameter space over the
last twelve years

10" 10° 10

WIMP Mass [GeV/cz]

W Joieetat - A Manalaysay, 18 July 2012 17
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It's complicated, baby

Searching for WIMPs is
a bit like chasing after a

moving target...

Joieetat - A Manalaysay, 18 July 2012
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It's complicated, baby

Searching for WIMPs is
a bit like chasing after a
moving target...
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It’'s complicated
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Playing the field
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Kinematics, thou art a heartless...

Kinematics simply
don’t allow for the %ﬁke\f
observation of &
nuclear recoils from ?3
sub-GeV DM scatters .
MeV GeV TeV

DM Mass

1) pniversitat - A Manalaysay, 18 July 2012 21
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Kinematics, thou art a heartless...

Electronic recoil "
energies, on the other ::fke\’
hand, stay relatively =
flat for Mpwm = MeV §
eV electrons
MeV GeV TeV
DM Mass

N Manalaysay, 18 July 2012 22
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Kinematics, thou art a heartless...

Electronic recoil "
energies, on the other ::fke\’
hand, stay relatively =
flat for Mpm = MeV g

electrons

o
=

TeV

atomic 1onization
range

N Manalaysay, 18 July 2012 23
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The previous slide is very
cartoony; a more serious approach
considers electron kinetic energy,
binding energy, etc., e.g. by R.
Essig, J]. Mardon, and T. Volansky.
We expect electron recoil energies
up to ~1 keV.

Joieetat - A Manalaysay, 18 July 2012

Expected ener

dR/dlog, E kg™ year™']

10* ¢
10° |
102 |
10 §
0.1}

1072 |
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deposition

Electron Ionization Spectrum, o, = 107’ cm?

Fpm(q) =1

o mDM:IOMeV
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Electron Recoil Energy Er [eV]

PHYSICAL REVIEW D 85, 076007 (2012)
Direct detection of sub-GeV dark matter

Rouven Essig,' Jeremy Mardon,*>* and Tomer Volansky**
ISLAC National Accelerator Laboratory, Stanford University, Menlo Park, California 94025, USA

3Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 2 October 2011; published 9 April 2012)

Direct detection strategies are proposed for dark matter particles with MeV to GeV mass. In this largely

unexplored mass range, dark matter scattering with electrons can cause single-electron ionization signals,
which are detectable with current technology. Ultraviolet photons, individual ions, and heat are interesting
alternative signals. Focusing on ionization, we calculate the expected dark matter scattering rates and
estimate the sensitivity of possible experiments. Backgrounds that may be relevant are discussed.
Theoretically interesting models may be within reach using existing data and ongoing direct detection
exneriments. Sionificant imnprovements in sensitivitv should be nossible with dedicated experiments.

’Berkeley Center for Theoretical Physics, Department of Physics, University of California, Berkeley, California 94720, USA

“Stanford Institute for Theoretical Physics, Department of Physics, Stanford University, Stanford, California 94305, USA
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Do any experimental
results have sensitivity to
this sort of signal?

L) poersitét - A. Manalaysay, 18 July 2012
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Rewind to MXkonos last year...

7th Patras Workshop on Axions, WIMPs, and WISPs: Probing Low-Mass WIMPs with Liquid Xenon

at Patras 2011

WS2 results

100 |  —o/u=019
(L Sttt o
. A 0 2 3 4
* ] 2 kg fldUClOl (fU” S2 electrons
. . 0.40 -
Z-active region, x
0.357¢ XN
- X
r<3cm T o0l X x& ©
. X ¥x"% xo
e12.5 live days o 025] Xy 0 8
= i
e 1.4 keV threshold = 0.20 fg‘
0.15 ¢
5 electrons 2
( ) 0.10 ? 116 312 6|4 _e__ 0<z<bcm
0.05 : EE— : ' : :
2 5 10 20 O 50 100 150
nuclear recoi] energy E,,.  [keV] dN/do,
J. Angle et al., PRL 107 (2011) 051301 < >
(arXiv:1104.3088) Signal window (1.4 -10 keVr)
ﬁi paversitat A, Manalaysay, 30 June 2011 27

Universitét A . Manalaysay, 18 July 2012 7
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Rewind to MXkonos last year...

7th Patras Workshop on Axions, WIMPs, and WISPs: Probing Low-Mass WIMPs with Liquid Xenon at I atras 20 ]_ 1

WS2 results

100? —o/p=0.19 -

10 +
A search for licht WIMPs L 1 .QF:iAﬁmﬂ .
was perfOrme on the data J” S2 electrons

from the blue band

O ' ' '
4 10<2z<15cm

X
X
But notice that the .
hardware sensitivity 5 ol WS < ]
7 g 5 X
extended much furthel‘\c;&ms.ﬁ
N K% |
down 0407 ™4 5 45 8 16 s e e |§O<Ti@
0.05 ——
0.5 1 2 5 10 20 0 50 100 150
nuclear recoi] energy E,,.  [keV] dN/do,
J. Angle et al.,, PRL 107 (2011) 051301 e >
(arXiv:1104.3088) Signal window (1.4 -10 keVr)
R ﬂ ;’Sfivj,’u?f“* A. Manalaysay, 30 June 2011 27
) zinen= A. Manalaysay, 18 July 2012 28
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XENON10’s low-E spectrum

o EAtriggering events
» 100L ] Non-triggering events.
[onization threshold.;if
sensitive to e
BENGLE ELECTRONS! 8 | P |
e vy I :
e | |
\ a7
| R N\ . . N N - B .
2.5 3 3.5

0 0.5 1 1.5 2

. 4
Ionization Signal [electrons]

XENON10 spectrum, reproduced from:
J.Angle et al., PRL 107 (2011) 051301

41" Universitat
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The expected signal

e Step 1: Differential ionization rate

true initial and final electron
wavefunctions go into here

\ 5 dRion S PDM d<0j-?olnv>
""" T dInE,, b MpMm % dInE.,

DM

et A. Manalaysay, 18 July 2012 30
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The expected signal

e Step 2: Electron recoil track

Number of final electrons

DM depends on:
N
o€ W f ex
.e l"s‘

\ e : Varying these values gives us

""" o % % 2 the systematic uncertainty in
/ ‘-e = <i==9 the expected signal

o

w Joieetat - A Manalaysay, 18 July 2012 31
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The expected signal

e Step 3: Rates of 1, 2, and 3 electron events

100;‘
I>‘ :
< 10f
v—1. B Q’ o)
o 5/ §
=, 1E DY L
o of 5
ks o

0.1F =

1 10 100 1000

DM Mass [MeV |

(bands represent systematic uncertainty in microscopic LXe interaction physics)

1) pniversitat - A Manalaysay, 18 July 2012

<y Lurich

32



8th Patras Workshop on Axions, WIMPs, and WISPs: Probing sub-GeV DM Masses

XENON10’s uEEer 11m1t

—Best f1t
o - - - - Allowed at 90% upper 11m1t
; . 2 IS
90% C.L. Upper Limits § 1) = R . T
~—
(CtS/kg/daY) 8 10F 14 \“ O O :
L s f] e ;
Single e <234 s single NJ;» Hg! . |
Double e <4.23 & a clearon 7\ IS illh -
R Tpr U double | E.Ir-_‘l o Tlel Il Tl
Iriple e <090 g |+ electron \ gt I
g [ R k_ N 1 |
(no bg-subtraction) @) 7 - skl
triple 3
O°1 R T N T A B e.le.Cl.Lr?n. R . \.\_-

05 1 15 2 o5 3T
Ionization Signal [electrons]

100 g
|>‘ [
Sl
L
Q i
= _
- zina= " A. Manalaysay, 18 July 2012 7 33
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XENON10’s upper limits

R. Essig, AM, J. Mardon, P. Sorensen, T. Volansky

Already with 15 kg_d we PRL 109, 021301 (2012), arXiv:1206.2644
3 - . ""'\'I‘ ! ! L |

can probe a sizable portion : i | _
of hidden-photon models, 10-% L | i

where the DM is a }.lidden— \\ \\ Excluded by :
sector particle that is 10735 | .\ XENONIO0 data :
charged under a U(1)'. — : :
Here, ma=~10MeV, F(g) =1  § |-3 |

V)

b
Keep in mind, this is old 10-37 L

data with only 12.5 live- : BE e e— >
days. Imagine what

10520 Photon models :
current- and next- - _

generation detectors could {22 O 0 S S S S S S
achieve (XENON100 just 1 10 100 10°

released >200 live-days, Dark Matter Mass [MeV]

r

with a much larger fiducial PRL 109, 021301 (2012) PHYSICAL REVIEW LETTERS ek el

volume) S
First Direct Detection Limits on Sub-GeV Dark Matter from XENON10

5.8 6.l

Rouven Essig,"** Aaron Manalaysay,”" Jeremy Mardon,** Peter Sorensen,”* and Tomer Volansky

i) Universitat 1 ; ; ; : :
Gl it A Manalays ay, 18 July 201 2 g.N. Yang Institute for‘ Theorettca! Physics, Stony Brook Um\‘/ersz%‘y, Stqny Brgok, New York 11794, USA 34
School of Natural Sciences. Institute for Advanced Study, Einstein Drive. Princeton. New Jersey, USA
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XENON10’s upper limits

1072 vy . e

10-% |
DM with small electric :
dipole moment, the form

factor, F(gq), is no longer unity EXCLUDED

10—31

&, [cm?]
>
N

10734 ¢

107 ¢

10-36 | Fpm=(a m./q) _:

1 10 100 10°

Dark Matter Mass [MeV]

)yt A Manalaysay, 18 July 2012
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XENON10’s upper limits

1073 ¢

For hidden photon models with |
ma < keV, F(q) scales as 1/42. 107 ¢
This scenario includes a very

EXCLUDED

interesting “freeze-in” region of 1077 ¢
parameter space. Freeze-inis a

thermal process that leads to a
build-up and relic density of

particles in (initially empty) 10-35 |
hidden sector. See: :

10-3 |

o, [cm?]

Fpm=(a@m,/q)*

L.J.Hall et al. 1077 ¢ &eeze‘zh

JHEP03 (2010) 080

10—37 . A 2 2 2 233,10 N 2 s+ 2223l
1 10 100 10°

Dark Matter Mass [MeV]

41" Universitat
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Freeze-in: the other thermal prod

i

cartoony freeze-out

picture

1) Universitat
=) Ziirich™

A. Manalaysay, 18 July 2012
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Freeze-in: the other thermal prod

i

cartoony freeze-out

picture
particle x must first

reach equilibrium

Joieetat - A Manalaysay, 18 July 2012
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Freeze-in: the other thermal prod

Howaitccblycotplod
particle species,
equilibrium might never /" |
be reached e

the hidden sector is
slowly populated and a
relic density is “frozen in”

time
L.J.Hall et al.
JHEPO03 (2010) 080

41" Universitat

v zirien=  A. Manalaysay, 18 July 2012
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Looking to the future

Cross section Sensitivity and Event Rate (per kg-year)

072" Fmm o 1 ) M e enmmaa e a1 — E :
10 Lo =
L Fpm(@ =1 j.,2 =
10735 | VL AN~ o
105 o jor
L [nell XENONIO e 41 8
NE 10—37 — ' | i
@ 108 5
g 1070y ”
1074

:-0—41
:-0—42

;0—43

(19,01

.
Dark Matter Mass [MeV |

41" Universitat

v zirien=  A. Manalaysay, 18 July 2012
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summary

e Sub-GeV particles cannot be detected via nuclear recoils, but are
accessible with electronic recoils

e XENONIO0 data, with a sensitivity to single electrons, can probe many
models with sub-GeV DM that feebly couples to electrons

e The XENON10 dataset is a successful proof-of-principle that

canonical WIMP search experiments can also achieve sensitivity to
sub-GeV DM masses.

e Freeze-out is not the only thermal production mechanism. A feebly
coupled hidden sector can also be populated by freeze-in.

41" Universitat

W zirch=  A. Manalaysay, 18 July 2012
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Fin

Joieetat - A Manalaysay, 18 July 2012
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Extras

Joieetat - A Manalaysay, 18 July 2012
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The expected signal

e Step 2: Electron recoil track

Number of final electrons

DM depends on:
N
o€ W f ex
.e l"s‘

\ e : Varying these values gives us

""" o % % 2 the systematic uncertainty in
/ ‘-e = <i==9 the expected signal

o

w Joieetat - A Manalaysay, 18 July 2012 4
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Tracing the recoiling electron

W average energy per observable quanta

IR electron-ion recombination fraction
W . . :
m,  ratio of excited (neutral) atoms to ions

et A. Manalaysay, 18 July 2012 45
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Expected signal

|
|
|
DM :
|
: e
. ®
: .e llss
\ : i ’ “
1 P ..'
€
RS PY s
® - e
et
€
®

n' =0 or 1 with
probability (1 - fz)

w Joieetat - A Manalaysay, 18 July 2012 46
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Expected signal

DM

-----

n” comes from a binomial
n’ =0 or 1 with : dist. with Floor(E.,/ W) trials
pI‘Obabﬂity (1 'fR) and (1 'fR)(l gt Nex/Ni)'l

: probability of success

The number, 1., of detectable

electrons is simply n, =n" + n”
* Jziric~  A. Manalaysay, 18 July 2012
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Expected signal

Systematic range

DM E W [12.4, 16] eV
: o
\ E .e "s~ fR [O/ 02]
: L y ‘\
. ’¢ 4 e N
@ --- - .-.‘e ® L\ Nex/Nz [0.1, 0.3]
% ad
Viiviidle
€
®

n” comes from a binomial
dist. with Floor(E,,/ W) trials
and (1 - fr)(1 - Nex/N;)!
probability of success

n' =0 or 1 with
probability (1 - fz)

The number, 1., of detectable
electrons is simply n, =n" + n”

41" Universitat
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Confidence in W

30 ——— [.LH.Suzuki, N.Saito, J. Elec. Spec. 119 (2001) 147
) 4s| 3d) 3
O
=
S 25 :
> We don’t have data for W
CGas Xenon in LXe down to ~10 eV, but
20 S these data do exist for gas
100 1000
Photon Energy (eV) Xenon (almost) and gas
0 PP argon. Both show no huge

divergences below 1 keV.

W Value (eV)
)
o

Gas argon

20

100 1000 N .Saito, I.H.Suzuki, Radiat. Phys. Chem. 60 (2001) 291
w A Manalayfa[ﬂf,)t?@ }:tﬂ?r@?)ﬁv) 49
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Trigeer etficiencyv curve sim

10.6 photoelectrons (phe) on 30 trigger PMTs

2 T T T T | T | T | T T T |
—analog |
© digitized
L5 - — -trigger ]
2 R -
g 1 B -7 - R T ~ ]
o // ~ -~
V| e ~
o, - - =
i jﬂi H&L LA& \ _
0 g L fﬂJg’J&&j%& g | JK g ‘. . g . | .

.
Shaped analog signal for

trigger hardware

Each curve is an efficiency |

> 0.6 / . ; ; :
.é from a different threshold : Ad]ustmg the trlgger set
% ’ point gives different

detection efficiency curves.

Can quantify the curve by

0.2
N the point there it crosses 5%,
5% |
R WA =~ TTTTTTTToTTomomomoomee or the “turn-on”.
0 0.5 1 1.5 2 2.5

S2 [electrons]
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Trigeer efficiency curve

" [Arriggering events
| Non—triggering events
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Make a [quite safe] assumption:
the efficiency turns on at, or
before, the first nonzero bin in the
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